hemorrhage and often includes gastrointestinal and cerebral hemorrhage. It is during the hemorrhagic phase that patients die of CCHF, with the predictors of fatal outcome being high viral loads, increased serum aspartate and alanine aminotransferase levels, thrombocytopenia, increased clotting times, increased serum levels of proinflammatory cytokines and chemokines, low antibody titers, and presence of melena [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The main targets of virus infection in humans are mononuclear phagocytes, endothelial cells, and hepatocytes [20, 21] . Severe liver necrosis, shock, and subsequent multiorgan failure are the main causes of death [1] [2] [3] 20] . The case-fatality rate is approximately 30% [1] [2] [3] , although it can vary among geographical locations, ranging from approximately 5% in a Turkish outbreak [22] to 60% in a United Arab Emirates outbreak [23] . Convalescence occurs 10-20 days after symptom onset and may include clinical symptoms such as tachycardia, polyneuritis, breathing impairment, poor vision, loss of hearing, and loss of memory [1] [2] [3] . Despite a wide distribution, the pathogenesis of CCHF remains poorly understood because of limited human pathology data and the need for highcontainment facilities to handle CCHFV-infected specimens.
With the exception of humans, no immunocompetent mammal is known to develop signs of disease following CCHFV infection [1] [2] [3] , which has significantly hampered the development of CCHF disease models for pathogenesis studies and efficacy testing of medical countermeasures. Suckling mice develop disease following CCHFV inoculation, but the disease has little similarity to human CCHF [24] . Recently, adult mice with gene knockouts of the signal transducer and activator of transcription 1 (STAT1 −/− ) or the interferon α/β receptor (IFNAR −/− ) have been described as models of lethal CCHFV infection [25, 26] . Here, we evaluated the sensitivity of IFNAR −/− mice to several routes of exposure and conducted a time course analysis of the pathologic, virologic, hematologic, biochemical, and immunologic parameters associated with CCHFV infection. Our results show that the IFNAR −/− model recapitulates human CCHF by showing most of the clinical hallmarks, which makes it a suitable model to evaluate medicinal countermeasures against CCHFV infections.
METHODS

Ethics and Biosafety Statements
Animal experiments were approved by the institutional animal care and use committee and performed following the guidelines of the Association for Assessment and Accreditation of Laboratory Animal Care, International (AAALAC) by certified staff in an AAALAC-approved facility (A4149-01). All procedures involving infectious CCHFV were performed in a biosafety level 4 (BSL4) facility according to standard operating procedures approved by the institutional biosafety committee.
Animals, Virus Stocks and Viral Titration
IFNAR −/− C57BL/6 mice aged 6-12 weeks (breeding pairs kindly provided by Dr Genhong Cheng, University of California Los Angeles) were obtained from an in-house breeding colony. Age-matched wild-type (WT) C57BL/6 mice were purchased from Jackson Laboratories (Sacramento, CA). Prior to experiments, mice were acclimatized to BSL4 conditions in an enriched, sterile environment with access to food and water ad libitum. CCHFV strain IbAr 10200 (kindly provided by Dr Michael Holbrook, University of Texas Medical Branch, Galveston) was propagated in SW13 cells maintained in Leibovitz's L-15 medium (both from ATCC, Manassas, VA) supplemented with 10% heat-inactivated fetal bovine serum, 100 mM L-glutamine, and 50 U/mL penicillin, and 50 µg/mL streptomycin (Sigma-Aldrich, St. Louis, MO) in an environment not enriched in CO 2 . Viral titers were determined using standard methods (as outlined below) and expressed as 50% tissue culture infectious doses (TCID 50 ) per milliliter.
Assessing the Route of Inoculation
Groups of 6 IFNAR −/− mice were inoculated with 10 2 or 10 4 TCID 50 of virus diluted in L-15 medium, by the intraperitoneal route (100 µL total volume delivered by single injection into the bottom-left quadrant), the intramuscular route (100 µL total volume delivered by single injection into the hind-leg musculature), the intranasal route (50 µL total volume, 25 µL per nare), and the subcutaneous/intradermal route (50 µL total volume delivered by a single injection between the shoulders). Weights and health evaluations were performed daily for the first 10 days after infection, and surviving mice were monitored for signs of illness until 21 days after infection. To determine the 50% lethal dose (LD 50 ) of CCHFV in IFNAR −/− mice, CCHFV was diluted in L-15 medium in log 10 increments (10 2 -10 −3 TCID 50 ) and inoculated into groups of 6 mice by the subcutaneous route, as described above. Mice were monitored daily for 21 days after infection.
Serial Sacrifice Study
Groups of 6 WT or IFNAR −/− mice were inoculated with 200 LD 50 (representing a challenge dose of 10 TCID 50 ) of CCHFV by the subcutaneous route, as outlined above. At 12 hours, and daily between days 1 and 5 after infection, one group of IFNAR −/− and WT mice was exsanguinated by cardiac puncture, with whole blood collected into tubes containing ethylenediaminetetraacetic acid (EDTA; BD Biosciences, Sparks, MD) and frozen at −80°C for virus isolation or RNA extraction. Mice were necropsied, and lung, heart, liver, kidney, spleen, cervical lymph nodes, and brain specimens were collected and immediately frozen at −80°C for virus isolation. Because of the volume of blood required for hematologic analysis and monitoring coagulation parameters, a follow-up study was conducted with groups of 15 IFNAR −/− or WT mice inoculated as above. On days 1-5 after infection, one group of IFNAR −/− and WT mice was exsanguinated, with whole blood collected in EDTA-loaded syringes (6 mice per time point, for hematologic analysis) or sodium citrate-loaded syringes (9 mice, for assessment of coagulation parameters; final citrate concentration, 0.0105 M).
Virus Titration
Virus titration was performed on 10-fold serial dilutions ( prepared in L-15 media) of tissue (10% w/v solution) and blood (10% v/v solution) samples, using a standard TCID 50 assay on SW-13 cells in 96-well plates [27] . Plates were incubated for 6 days at 37°C without increased CO 2 , and wells were scored for cytopathic effect. Virus concentrations were calculated using the Reed and Münch formula [28] and expressed as TCID 50 per milligram of tissue.
CCHFV-Specific Quantitative Reverse Transcription Polymerase Chain Reaction (RT-PCR) Analysis
CCHFV S segment specific primers (CCHFSFw-TGGACTTG TGGACACCTTCAC, CCHFSRe-CAATGCCAGTGGAGCTA ACC) and probe (CCHFSPr-6FAM-TGCCTCCACCAGAGC AGATGCGT-BBQ) were designed and synthesized by TIB MOLBIOL (Adelphia, NJ). RNA from whole blood was extracted using the NucleoSpin 96 Virus Core Kit (Macherey-Nagel, Bethlehem, PA) according to the manufacturer's instructions. Quantitative RT-PCR assays were performed on the Rotor-Gene 6000 thermocycler (Corbett, San Francisco, CA), using the QuantiFast Probe RT-PCR kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. TCID 50 equivalents were calculated from a standard curve generated using log 10 dilutions of RNA extracted from the CCHFV stock.
Histopathologic and Immunohistochemistry (IHC) Analysis
Tissue samples were fixed in 10% neutral-buffered formalin according to approved standard operating procedures. Following fixation, samples were processed with a Sakura VIP-5 Tissue Tek instrument (Torrance, CA), using a graded series of ethanol, xylene, and ParaPlast Extra (EMS, Hatfield, PA). Embedded tissues were sectioned at 5 µm and dried overnight at 42°C prior to being stained with hematoxylin and eosin. Phosphotungstic acid haematoxylin (PTAH) staining was accomplished using a P.T.A.H. stain kit (American MasterTech, Lodi, CA). IHC analysis was performed on a Discovery XT automated processor (Ventana Medical Systems, Tucson, AZ) using a custom rabbit sera (NP 1028 ) raised against a CCHFV nucleoprotein peptide (residues 10-28; Open Biosystems, Rockford, IL) as the primary anti-CCHFV antibody (1:100 dilution) and the DAPMap kit (Ventana Medical Systems). Slides were examined by a veterinary pathologist and scored as follows: 0, no obvious pathologic changes; 1, minimal increase in the number of inflammatory cells and hepatocellular necrosis; 2, mildly increased numbers of inflammatory degenerate cells, hepatocellular necrosis, or lymphocytolysis; 3, moderately increased numbers of inflammatory degenerate cells, and hepatocellular necrosis or lymphocytolysis; and 4, highly increased numbers of inflammatory degenerate cells and multifocal hepatocellular necrosis or lymphocytolysis.
Hematologic, Coagulation, and Blood Chemistry Parameters
Total white blood cell count, lymphocyte, platelet, reticulocyte and red blood cell counts, hemoglobin concentration, hematocrit values, mean cell volume, mean corpuscular volume, mean platelet volume, and mean corpuscular hemoglobin concentration were analyzed in EDTA-treated whole blood on a HemaVet 950FS1 laser-based hematology analyzer (Drew Scientific, Dallas, TX). Plasma from citrate-treated blood was tested for coagulation parameters, including prothrombin time, activated partial thromboplastin time, and fibrinogen concentration, using the PTT Automate, STA Neoplastine CI plus, and Fibri-Prest automate respectively, on a STart4 instrument (all from Diagnostica Stago, Parsippany, NJ) according to the manufacturer's instructions. Citrate-treated plasma samples were pooled (a pool of 6 plasma samples on days 1-4 after infection and a pool of 3 plasma samples on day 5 after infection) and tested for concentrations of albumin, amylase, alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase, γ-glutamyltransferase, glucose, cholesterol, total protein, total bilirubin, blood urea nitrogen, and creatinine by using a Piccolo point-of-care blood analyzer (Abaxis, Sunnyvale, CA).
Chemokine and Cytokine Analysis
Plasma levels of granulocyte colony stimulating factor (G-CSF), granulocyte-macrophage colony stimulating factor (GM-CSF), interferon γ (IFN-γ), interleukin 1α (IL-1α), interleukin 1β (IL-1β), interleukin 2 (IL-2), interleukin 4, interleukin 5, interleukin 6 (IL-6), interleukin 7, interleukin 9, interleukin 10 (IL-10), interleukin 12p70 (IL-12p70), interleukin 13 (IL-13), interleukin 15, interleukin 17 (IL-17), IFN-γ-induced protein 10 (CXCL10), chemokine (C-X-C motif ) ligand 1 like (CXCL1), monocyte chemotactic protein 1 (CCL2), macrophage inflammatory protein 1α (CCL3), regulated upon activation, normal T-cell expressed and secreted (CCL5), and tumor necrosis factor α (TNF-α) were determined using the Milliplex MAP Mouse Cytokine/Chemokine kit (Millipore, Billerica, MA) according to the manufacturer's instructions. Samples were read on a Bio-Plex 200 system instrument (Bio-Rad, Hercules, CA).
Statistical Analysis
Coagulation and hematologic parameters and plasma cytokine/chemokine concentrations were compared with those of uninfected controls, using 1-way analysis of variance with the Dunnet posttest on GraphPad Prism v5.00 (GraphPad Software, La Jolla, CA).
RESULTS AND DISCUSSION
IFNAR −/− Mice Are Susceptible to CCHFV via Multiple Routes of Infection IFNAR −/− mice are sensitive to numerous viral pathogens because of an inability to respond to type I IFN signaling. Therefore, CCHFV, an IFN-sensitive virus [29, 30] , is thought to cause severe disease in IFNAR −/− mice through uncontrolled replication. A similar disease course is thought to occur in severe cases of human CCHF, as ineffective immune responses against CCHFV and/or effective host interferon antagonism allow the virus to replicate to high levels [11, 12, [31] [32] [33] [34] . Human CCHF seems to differ in onset of symptoms and clinical outcome depending on the route of infection [2, 33] .
To assess susceptibility to those routes of infection, IFNAR −/− mice were infected with 10 4 TCID 50 of CCHFV by the intraperitoneal, intranasal, intramuscular, and subcutaneous routes. The intraperitoneal route was chosen because it was used as a surrogate route for intravenous infection and previously resulted in fulminant disease in IFNAR −/− mice, while the intranasal, intramuscular, and subcutaneous routes of inoculation were chosen to mimic natural routes of human infection by droplets, percutaneous injury, and tick bite, respectively. All routes of infection resulted in rapid development of severe disease, which was ultimately fatal within 3-5 days ( Figure 1A) . Signs of infection were first apparent 2 days before death and included weight loss ( Figure 1A) , ruffled fur, hunched posture, and lethargy. A difference in disease onset following the different routes of inoculation was observed, with the intraperitoneal route demonstrating the most rapid onset of disease and the intranasal route demonstrating the slowest onset of disease. Similarly, inoculation with 10 2 TCID 50 of CCHFV by the same routes resulted in identical disease signs, albeit with a slightly prolonged time to death ( Figure 1B) . The exception was intranasal inoculation which demonstrated decreased lethality at the low dose (17.6% lethality; Figure 1B ). This model therefore recapitulates the broad susceptibility to routes of infection and differences in timing to disease onset, which are thought to occur in human cases [2, 35] . Although the model was originally characterized using the intraperitoneal route of inoculation [25, 26] , to more closely simulate natural tick bite infection we used the subcutaneous route of inoculation for all subsequent experiments. The subcutaneous inoculation route is thought to better simulate tick bite-associated infections by targeting CCHFV to similar primary replication sites prior to virus spread. To establish the appropriate challenge dose, the LD 50 by this route in IFNAR −/− mice was determined to be 0.05 TCID 50 ( Figure 1C ).
CCHFV Effectively Replicates and Causes Pathology in IFNAR −/− but Not WT Mice
To assess temporal changes in the virologic, pathologic, and immunologic parameters following CCHFV infection, a time course study was undertaken. Following subcutaneous inoculation with 200 LD 50 (10 TCID 50 ) of CCHFV/animal, infectious CCHFV was recovered from organs of WT and IFNAR −/− mice as early as 24 hours after infection. Throughout the course of a 5-day infection, CCHFV titers did not significantly change in organs harvested from WT mice, with a constant low level (≤1.1 × 10 2 ± 0.3 × 10 2 TCID 50 /mg) of virus detected ( Figure 2 ). In contrast, viral loads in IFNAR −/− mice increased over time, with peak titers documented in liver samples collected on day 4 after infection (1.65 × 10 4 ± 0.52 × 10 4 TCID 50 /mg; Figure 2 ). Viremia (as determined by the detection of infectious virus from whole blood samples) was only observed immediately preceding the time of death in IFNAR −/− mice. Quantitative RT-PCR results reflected the infectious titers from blood, and the negative RT-PCR results from earlier time points confirmed that CCHFV was not present at levels below the threshold of detection of the TCID 50 assay ( Supplementary  Figure 1 ). The appearance of disease signs prior to detectable viremia suggests a different mechanism of CCHFV dissemination in IFNAR −/− mice and is in contrast to the STAT1 −/− mouse model, which reports viremia immediately following infection. However, the discrepancy is likely to arise from the inoculation method (subcutaneous vs intraperitoneal) and the inoculation dose (10 TCID 50 vs 100 plaque-forming units) [25] . While the period prior to appearance of viremia has not been evaluated in human CCHF, high viremia loads after onset of symptoms are often reported and are associated with severity of pathologic changes and with antigen staining and are an effective predictor of lethality [15] [16] [17] [18] 20] .
In our experiments, CCHFV antigen staining was not observed above background levels by IHC in any organs from infected WT mice ( Supplementary Figure 2) . In contrast, beginning at day 3 after infection, positively stained hepatocytes, Kupffer cells, and macrophages were apparent in the livers of IFNAR −/− mice, with the frequency and intensity of positively stained cells increasing until the terminal time point (day 4 after infection; Figure 3A ). IHC analysis of IFNAR −/− lymphoid tissue (lymph node and spleen) demonstrated CCHFV antigen in cells that are morphologically consistent with macrophages. Additionally, there were rare immunopositive stellate cells that are morphologically consistent with dendritic cells ( Figure 3B and 3C) ; once again, the frequency of antigen positive cells increased over time. Other tissues (ie, lung, kidney, and heart) displayed the same antigen-positive cells (endothelial cells and phagocytes) but at a lower frequency (data not shown). The histologic analysis correlates chronologically with virus detection.
Histologic analysis of organs from WT mice was unremarkable, with no discernible pathology identified at any time ( Supplementary Figure 2) . This was reflected by normal blood chemistry parameters ( Figure 4A and 4B ). Beginning at day 3 after infection, IFNAR −/− mice began to display significant pathologic changes in the liver, consisting of multifocal hepatocellular necrosis with infiltration of small-to-moderate numbers of viable and degenerate neutrophils ( Figure 3A) . The severity of liver damage increased, becoming coalescent at the terminal stage of disease. The degree of liver dysfunction was reflected by increased AST and ALT levels ( Figure 4A and 4B). No other abnormal blood chemistry markers were noticed in CCHFV-infected IFNAR −/− mice. Mild-to-marked lymphocytolysis with loss of lymphocytes was noted in the cervical lymph nodes and splenic white pulp ( Figure 3B and 3C). In addition, affected lymph nodes were frequently infiltrated by small-to-moderate numbers of viable neutrophils. At no time point were any histologic abnormalities observed in the lung, heart, kidney, or brain cross-sections from CCHFVinfected IFNAR −/− mice, despite the detection of infectious virus (Figure 2) . The chronologic appearance of pathologic changes within the major target organs correlates with appearance of prominent viral antigen staining and viremia (compare Figure 2 with Figure 3 ), suggesting that high viral replication is responsible for the pathologic lesions observed as is thought to occur in humans [20] . The pathologic changes and high viral loads are thought to cause overstimulation of inflammatory cells, which are thought to play a leading role in the vascular abnormalities seen in CCHF [15] . While uncontrolled viral replication may be responsible for the pathologic changes in both human and IFNAR −/− CCHF, it is important to note that CCHFV replication in humans requires the evasion of the type I IFN response. Therefore, the mechanisms of pathologic changes, while similar, are not necessarily identical between IFNAR −/− mice and humans.
CCHFV Infection Causes Thrombocytopenia and Coagulopathy in IFNAR −/− but Not WT Mice
Severe thrombocytopenia (up to a 90% reduction in the platelet level) is a hallmark and a predictor of fatality of severe CCHF in humans [1, 2, 25, [31] [32] [33] [34] 36] . In contrast to CCHFVinfected WT mice, a significant decrease in platelet counts in infected IFNAR −/− mice was observed, beginning on day 3 after infection, that culminated in an approximately 90% decrease in counts by the terminal stage of infection ( Figure 4C ). The decrease in total platelets was accompanied by significant increases in the mean platelet volume, suggesting platelet destruction as the likely mechanism of the decrease, as opposed to decreases in production ( Figure 4D ). Direct destruction of platelets is further supported by the accumulation of plasma fibrinogen levels over the disease course ( Figure 4E ) and by a lack of organ fibrin deposition, as demonstrated by hematoxylin and eosin and PTAH staining ( Supplementary Figure 3) , suggesting that the thrombocytopenia is not due to platelet activation, as reported for disseminated intravascular coagulopathy [37] [38] [39] . In addition, neither vascular leakage nor tissue hemorrhages were detected by histologic analysis (data not shown). All other monitored parameters (hematologic, and blood chemistry) were static throughout the course of CCHFV infection in IFNAR −/− mice; CCHFV-infected WT mice did not show abnormalities in parameters tested here. The induced thrombocytopenia results in coagulopathy in IFNAR −/− mice but not WT mice, with a significantly increased activated partial thromboplastin time ( Figure 4F ). Prothrombin time was unaffected throughout infection in both mouse species (data not shown). Together, the data suggest that IFNAR −/− mice faithfully reproduce major hallmarks of human disease and suggest that the thrombocytopenia is a result of the destruction of mature platelets.
CCHFV Infection Causes Strong Proinflammatory Immune
Responses in IFNAR −/− but Not WT Mice IFNAR −/− mice developed strong proinflammatory immune responses following CCHFV infection, as demonstrated by significant increases in G-CSF, IFN-γ, CXCL10, and CCL2 Figure 4 . Abnormal hematologic, blood chemistry, and coagulation parameters following Crimean-Congo hemorrhagic fever virus (CCHFV) infection in wild-type (WT) and IFNAR −/− mice. A subset of mice were inoculated with 200 50% lethal doses (10 median tissue culture infective doses) by the subcutaneous route and exsanguinated at indicated time points (6 mice were used for hematologic analyses (except 3 IFNAR −/− mice on day 5 after infection), 7 mice were used for coagulation analysis (except 3 IFNAR −/− mice on day 5 after infection), and 1 pool ( pools of 6 animal samples on days 1-4 after infection, a pool of 3 animal samples on day 5 after infection) was used for blood chemistry analysis. In contrast to CCHFV-infected WT mice, CCHFV-infected IFNAR −/− mice showed increased plasma alanine aminotransferase (ALT) levels (A), increased aspartate aminotransferase (AST) levels (B), decreased numbers of platelets (PLT; C), increased mean platelet volume (MPV; D), increased serum fibrinogen levels (E), and increased activated partial thromboplastin time (APTT; F). These data suggest that CCHFV infection of IFNAR −/− mice is associated with direct platelet destruction, rather than reduced platelet production. All data were analyzed by 1-way analysis of variance with the Dunnet posttest and are presented as standard error about the mean. ***P < .001 and **P < .01, compared with uninfected controls. Figure 5 . Cytokine and chemokine profiles following Crimean-Congo hemorrhagic fever virus (CCHFV) infection in wild-type (WT) and IFNAR −/− mice. Mice (n = 6) were inoculated with 200 50% lethal doses (10 median tissue culture infective doses) of CCHFV by the subcutaneous route and exsanguinated at indicated time points for evaluation of serum cytokine and chemokine levels. CCHFV-infected IFNAR −/− mice displayed marked increases in proinflammatory and chemoattractant molecules (blue graphs), whereas WT mice displayed selective reduction in certain proinflammatory and antiinflammatory molecules (red graphs). All data were analyzed by 1-way analysis of variance with the Dunnet posttest and are presented as standard error about the mean. *P < .05, **P < .01, and ***P < .001, compared with uninfected controls. Abbreviations: CCL2, monocyte chemotactic protein 1; CCL3, macrophage inflammatory protein 1α; CCL5, regulated upon activation, normal T-cell expressed, and secreted; CXCL1, chemokine (C-X-C motif ) ligand 1 like; CXCL10, interferon-γ-induced protein 10; G-CSF, granulocyte colony stimulating factor; GM-CSF, granulocyte-macrophage colony stimulating factor; IFN-γ, interferon γ; IL-1α, interleukin 1α; IL-1β, interleukin 1β; IL-2, interleukin 2; IL-6, interleukin 6; IL-12p70, interleukin 12p70; IL-13, interleukin 13; IL-17, interleukin 17; TNF-α, tumor necrosis factor alpha.
concentrations, beginning on day 3 after infection, and in GM-CSF, IL-1α, IL-1β, IL-2, IL-6, IL-12p70, IL-13, IL-17, CXCL1, CCL3, CCL5, and TNF-α concentrations at the time of death/ euthanasia ( Figure 5 ). Proinflammatory cytokines and chemoattractant molecules observed in the sera of infected mice accumulated over the disease course, suggesting continuous overstimulation of the innate immune system by CCHFV replication. In contrast, WT mice displayed significantly decreased serum levels of IL-2, IL-10, IL-17, CCL5, and CXCL10 in response to CCHFV infection ( Figure 5 ). The increases in serum proinflammatory cytokines in IFNAR −/− mice may represent an alternate, indirect mechanism of platelet destruction and is supported by the accumulation of fibrinogen levels observed in CCHFV-infected IFNAR −/− mice ( Figure 4E ).
